To increase the biocompatibility of hydroxyapatite (HA), Ca 10 (PO 4 ) 6 (OH) 2 , the Sr substitution of Ca into the HA structure was effected to yield Ca 10−x Sr x (PO 4 ) 6 (OH) 2 (Sr-HA). For medical and dental applications, it is important that Sr-HA is prepared as a thin film so that the Sr fully substitutes the Ca sites in the HA structure and does not form segregated impurities consisting of Sr compounds. If the segregated Sr forms different amounts of different impurities, the dissolution of the Sr into the living body will not be reproducible across different samples. To confirm the Sr substitution into the Ca site in the HA structure, the systematic variation in the lattice constants of the Sr-HA with Sr content was evaluated as the first step. The a-and c-axis lengths were found to exhibit a linear relationship with the Sr content for six samples with different Sr contents, indicating that the prepared Sr-HA thin films likely possessed partial Sr substitution into the Ca sites of the HA structure. This result is an important first step in the accurate evaluation of the biological effects of Sr-HA thin films.
Introduction
Hydroxyapatite (HA), Ca 10 (PO 4 ) 6 (OH) 2 , is widely applied as a component of medical and dental devices [1] [2] [3] [4] [5] owing to its excellent bone repairing ability via activating osteoblasts. However, it has been pointed out that the main component of bones and teeth, which is called biological apatite (BA), is not stoichiometrically-pure HA but variously-substituted HA. Recently, BA and various artificial substituted apatites have been studied from a rapid bone repair point of view [6] [7] [8] [9] . To develop an excellent apatite material for use in medical and dental devices, the most effective dopant concentration for substituted apatite should be investigated, and our attention has been attracted to Srsubstituted HA (Sr-HA), Ca 10−x Sr x (PO 4 ) 6 (OH) 2 . While the amount of Sr in BA is very small, it is understood to have significant effects on the mineralization of bone tissue [10] [11] as a treatment material for osteoporosis [12] . These functions of Sr likely derive from its excellent ability to activate osteoblasts and deactivate osteoclasts. On the basis of this knowledge regarding the function of Sr on bone repair, the preparation of Sr-HA has been studied extensively [8] [13] [14] [15] [16] . In these studies, it has been found that Sr can be substituted into Ca 10−x Sr x (PO 4 ) 6 (OH) 2 by up to x = 10 [8] [13] [14] [15] , and that the a-and c-axis lengths increase linearly with x [8] [13] . Progress in the preparation of bulk Sr-HA, however, has not been sufficient to successfully apply these materials into medical and dental devices. One of the most suitable ways to use Sr-HA in medical and dental devices is to coat it as a thin film on the surface of devices, owing to the fact that bulk Sr-HA cannot withstand the variety of stresses in living bodies owing to its poor mechanical strength [15] . In this study, we report the systematic variation of the lattice constants with the Sr content for Sr-HA thin films prepared using PLD for a region comprising a relatively low Sr amount of x ≤ 1.0 (the upper limit is 10% of the Ca sites on the HA structure). The lattice constants of the films were determined using X-ray diffraction (XRD) measurements. If the Sr is properly substituted into Ca sites, the lattice constants increase proportionally with x. Verifying a certain amount of the substitution of Sr into Ca sites is an important step towards successfully applying Sr-HA into medical and dental devices before its biological properties can be examined.
Experimental Details
All of the Sr-HA thin films prepared in this work were deposited on a pure Ti substrate disk (Sumitomo Metals Naoetsu, Japan, purity ≥ 99.427%) with a diameter and thickness of 15 and 0.5 mm, respectively. The as-received Ti substrate disk was polished to a mirror finish using the procedure described in a previous paper [18] . Pulsed laser deposition using a KrF excimer laser (Lambda Physik; COMPex 102, λ = 248 nm) was employed to prepare the Sr-HA thin films at a fluence of 2.8 J/cm 2 and a repetition rate of 10 Hz. The PLD target was a hand-made pellet prepared using the following method: Commercially-available powders of CaCO 3 , Ca 3 (PO 4 ) 2 , and SrCO 3 were weighed in the appropriate stoichiometric ratio and mixed and crushed. Here, the appropriate stoichiometric ratio means that the atomic ratio of Sr/(Ca + Sr) (×10) (i.e., x) was 0, 0.5 and 1.0 while that of (Ca + Sr)/P was maintained at 10/6 (approximately 1.67). To represent the Sr content, we do not use the value Sr/(Ca + Sr), but instead we use 10 times that value because the value Sr/(Ca + Sr) (×10) is equal to the Sr content (x) in the chemical formula of the Sr-HA, Ca 10−x Sr x (PO 4 ) 6 (OH) 2 . In the case of Ca 10−x Sr x (PO 4 ) 6 (OH) 2 , the atomic ratio of the Ca and the Sr contents are 10 − x and x, respectively. Therefore, the value Sr/(Ca + Sr) itself is not equal to x but to x/[(10 − x) + x] = x/10, and thus the value Sr/(Ca + Sr) (×10) is employed to represent the Sr content in this paper. The mixture was then molded in a φ20 mm die at a pressure of 100 kgf/cm 2 for 10 min. The pellet was sintered at 800˚C for 10 h, and was then crushed, remolded, and sintered again under the same conditions. The prepared target was placed into the PLD chamber (base pressure of approximately 10 −1 Pa) at a distance of 38 mm from the substrate. The temperature of the Ti substrate was 400˚C during the growth, as monitored using an optical pyrometer (Chino; IR-CI2SCF, 400˚C -900˚C). An O 2 + H 2 O gas mixture was generated by bubbling pure O 2 gas though a distilled water bath, which was then introduced into the growth chamber at a pressure of 50 Pa. All of the produced thin films were approximately 450 nm thick, as measured using a stylus surface profiler (ULVAC; Dektak 150). The thin films were post annealed at 500˚C for 10 h in a quartz tube inside a furnace, where the O 2 + H 2 O mixture was passed through the quartz tube during the annealing. The crystal structure and the lattice parameters of the thin films were evaluated with an XRD apparatus (Rigaku; Ultima IV) using conventional 2θ/θ measurements. Errors in the θ value were considered in this experiment because they occurred easily owing to the slight tilt of the sample surface against the sample holder (the standard of θ = 0˚) of the XRD apparatus. The calibration of the θ was done using the diffraction peak of the Ti (101) plane (located at d = 0.2243 nm) obtained from the substrate. The Sr/(Ca + Sr) and (Ca + Sr)/P ratios of the prepared thin film were measured using X-ray photoelectron spectroscopy (XPS, ULVAC-PHI; PHI Xtool), using measurements of Ca 2 p, Sr 3 p, and P 2 s. Figure 1 shows a summary of the XPS results given in Table 1, where the left vertical axis represents the Sr/(Ca + Sr) ratio of the thin films (black circles) and the fitting obtained by the least squares method (black dashed line). Further, the right vertical axis of Figure 1 represents the (Ca + Sr)/P ratio of the thin films (red squares) and the average value of (Ca + Sr)/P for all samples Figure 1 . Relationship between Sr/(Ca + Sr) (black circles, left vertical axis) and (Ca + Sr)/P (red squares, right vertical axis) content in the thin films and the Sr/(Ca + Sr) content in the target. (red dashed line). The relationship between the Sr content of the targets and the corresponding thin films was found to be roughly proportional, while the value of Sr/(Ca + Sr) of each thin film showed a slight deviation from that of the target. A tendency of Sr defects to exist in PLD-deposited thin films such as these has also been reported in a previous work [16] , although the mechanism is not understood. The (Ca + Sr)/P ratios in Figure 1 exhibit some deviation from the stoichiometric value of approximately 1.67, and it can also be observed that the (Ca + Sr)/P ratio of the thin films is not dependent on the Sr content of the target and the thin film. However, considering a previous work where we found that the Sr/(Ca + Sr) and (Ca + Sr)/P of Sr-HA thin films can be highly controlled by the energy distribution of the ablation laser on the target [18] [19], these details are now being studied and the control of the chemical composition of Sr-HA and HA thin films will be reported in a subsequent paper. Judging from these results, the constant deviation of the P content independent of the Sr content of the Sr-HA thin film will not affect the present study of the variation of the lattice constants with the Sr content. Figure 1 and the a-axis (left vertical axis, black circles) and c-axis lengths (right vertical axis, red squares) are summarized in Figure 3 (a). Using this plot, the curves for the a-and c-axis lengths were fitted by the least squares method, whereupon the a-axis length was determined using the average of two calculated values, one from the (300) peak and the other from the (211) and (112) peaks. Similarly, the c-axis length was also determined using the average of two calculated values, one from the (002) peak and the other from the (211) and (112) peaks. Figure 3(a) shows that both the aand c-axis lengths have roughly linear relationships with the Sr/(Ca + Sr) content. The obtained correlation coefficient for the a-axis length was R = 0.911 with p < 0.05 and that for the c-axis length was R = 0.952 with p < 0.005. As described above, the (Ca + Sr)/P ratio was almost comparable for all samples independent of their Sr content. Thus, it can be concluded that the variation in the lattice constants was caused by the substitution of Sr into Ca sites in the HA structure. To confirm this finding, the relationships between (Ca + Sr)/P in the thin films and the a-and c-axis lengths are shown in Figure 3(b) . Here, the lattice constants do not exhibit a clear dependence on the P content of the thin films when considering the least squares method fitting lines (R = 0.494 and 0.370 for the a-and c-axis lengths, respectively). From Figure 3 , therefore, the systematic variation in the lattice constants was caused by the variation in the Sr content and not the P content.
Results and Discussion
The correlation coefficients in Figure 3 (a) seem to be somewhat lower than the reported values [8] [13] . In this work, the dispersion of the lattice constants from linearity will not be caused by errors of the deviation in the zero point for each sample. This is owing to the fact that the values measured in this study have no sample-dependent systematic errors because the zero points were unified with the calibration procedure using the Ti (101) peak of the substrate for all samples. We will consider if this type of dispersion is reduced with an increasing number of samples. Furthermore, statistical processing will be subsequently needed to determine the Sr content for each sample based on the data measured at several positions on the same sample, while in this study they were measured at only a single position for each sample. The spatial distribution of the Sr content should also be evaluated for all samples in subsequent studies. In this expanded process, we expect more precise evaluation with a certain error bar for the chemical composition data.
The effect of the presence of an impurity phase contained in the samples should also be discussed. In this study, the XRD results revealed that all of the samples contained no crystalline impurities, so any impurity phases that do exist should be amorphous. The possibility that the samples contain amorphous impurities cannot be ignored owing to the observed deviation of the P content. If all of the Sr was contained and/or was substituted only in such impurity phases, this implies that the crystal phase of the HA structure was not Sr-HA but only the stoichiometrically-pure HA. However, the experimental result exhibits a systematic relationship between the Sr content and the lattice constants. This result signifies that the Sr must have some effect on the crystal structure of the Sr-HA thin films because the result was not caused by the variation of the P content herein, as shown in Figure 3(b) . In this work, the results are considered as a first approximation that a certain ratio of the Ca 2+ site was substituted with the larger Sr 2+ in the HA structure, while the absolute substitution ratio cannot be estimated owing to the defect of the PO 4 , as described above. This means that the absolute values of the lattice constant sherein cannot be compared directly to the reported values [8] [13] .
In this study, we have made progress toward eliminating the possibility that the systematic variation of the lattice constants was caused by a variation of the P content, unlike the previous paper [16] . We have three plans to improve these results in subsequent studies.
1) It is necessary to improve the chemical composition of the P content toward the stoichiometric value of (Ca + Sr)/P = 1.67 using the technique we have previously reported [18] [19].
2) Fourier transform infrared spectroscopy should be implemented to confirm the CO 3 content and to quantify the ratio of the PO 4 and the CO 3 if the CO 3 is present in the samples.
3) The lattice constants and the chemical compositions of the PLD Sr-HA targets were not analyzed in this study. Because the target characteristics can be
used as reference data to analyze the results for the Sr-HA thin films, the Sr-HA targets should be analyzed as the bulk Sr-HA.
Conclusion
To successfully apply Sr-HA in medical and dental devices, the systematic relationship between the Sr content and the a-and c-axis lengths must be studied for materials with relatively low amounts of Sr. The Sr-HA thin films prepared using PLD in this work exhibited lattice constants that possessed a roughly linear relationship with their Sr content, as evaluated by XPS and XRD. This result is considered as a first approximation showing that the Sr 2+ substitutes into the Ca 2+ site in the HA structure, where more refinement of the results is needed to realize the ultimate goal of the study.
